Eukaryotic initiation factor 5A (eIF-5A) was originally isolated as a translation initiation factor. However, this function has since been reconsidered, with recent studies pointing to roles for eIF-5A in mRNA metabolism and trafficking [Microbiol. Mol. Biol. Rev. 66 (2002) 460; Eur. Mol. Biol. Org. J. 17 (1998) 2914. The Caenorhabditis elegans genome contains two eIF-5A homologues, iff-1 and iff-2, whose functions in vivo were examined in this study. The iff-2 mutation causes somatic defects that include slow larval growth and disorganized somatic gonadal structures in hermaphrodites. iff-2 males show disorganized tail sensory rays and spicules. On the other hand, iff-1 mRNA is expressed in the gonad, and the lack of iff-1 activity causes sterility with an underproliferated germline resulting from impaired mitotic proliferation in both hermaphrodites and males. In spite of underproliferation, meiotic nuclei are observed, as revealed by presence of immunoreactivity to the anti-HIM-3 antibody; however, no gametogenesis occurs in the iff-1 gonads. These phenotypes are in part similar to the mutants affected in the components of P granules, which are the C. elegans counterparts of germ granules [Curr. Top Dev. Biol. 50 (2000) 155]. We found that localization of the P-granule component PGL-1 to P granules is disrupted in the iff-1 mutant. In summary, the two C. elegans homologues of eIF-5A act in different tissues: IFF-2 is required in the soma, and IFF-1 is required in the germline for germ cell proliferation, for gametogenesis after entry into meiosis, and for proper PGL-1 localization on P granules. q 2004 Published by Elsevier Ireland Ltd.
Introduction
In reproductive organisms gametes provide the continuity of maternal and paternal genomic information for the next generation. In most organisms a set of specialized cells, primordial germ cells (PGCs), is set aside from other somatic cells during early developmental stages; these PGCs proliferate continuously in the gonad throughout life.
Some of the PGC daughters enter gametogenesis and become oocytes or sperm. In the free-living nematode Caenorhabditis elegans at hatching just two cells, Z2 and Z3, comprise the PGCs. These two PGCs, along with two somatic gonadal precursor cells, develop during the larval stages into two, cylinder-shaped gonads in hermaphrodites. In adults, germ cells proliferate in the distal region of the gonads, progress through each stage of meiosis as they migrate proximally, grow to mature oocytes in the most proximal region, and are fertilized when they pass through the spermathecae.
Post-transcriptional regulation of gene expression appears to be essential for these processes. A number of RNA-binding proteins have been reported to play key roles in germline development. Most noticeable are those localized to P granules, which are distinctive electrondense cytoplasmic organelles similar to germ granules (Pitt et al., 2000) . Germ granules are known to be essential for the determination of germ cell fate in many organisms (Eddy, 1975) . Several proteins have been identified that are components of germline P granules in C. elegans; they include PGL-1, a novel protein with an RGG box motif commonly found in RNA-binding proteins, and the zinc finger-containing GLHs (germline RNA helicases) (Kawasaki et al., 1998; Kuznicki et al., 2000) . The pgl-1 mutants and the animals that lack glh functions show deficits in germline development, suggesting the importance of P granules in germline development. However, exact functions for P granules are not yet known, although many hypotheses have been proposed, including the theory that P granules regulate some aspects of RNA metabolism (Schisa et al., 2001) .
In order to clarify how germline development is regulated, we performed an RNA interference (RNAi) screen of germline-specific cDNAs identified by cDNA subtraction and differential hybridization. The iff-1 gene, which encodes a eukaryotic initiation factor 5A (eIF-5A) homologue in C. elegans, was identified as one of the sterility genes in that screen (Hanazawa et al., 2001) .
eIF-5A is a highly conserved protein found in organisms ranging from yeast to mammals (Gordon et al., 1987; Park et al., 1984) . eIF-5A was originally isolated as a candidate translation factor from a polyribosome-bound fraction (Benne et al., 1978; Kemper et al., 1976) and was suggested as a factor involved in the formation of the first peptide bond during translation. However, subsequent studies indicated that translational initiation is not directly affected by a loss of eIF-5A function (Kang and Hershey, 1994; Zuk and Jacobson, 1998) . Thereafter, several alternative functions for eIF-5A have been proposed, including the possibility that eIF-5A regulates steps subsequent to translation initiation, or that eIF-5A participates in mRNA degradation (Ganoza et al., 2002; Zuk and Jacobson, 1998) . Of particular interest is the idea that this protein may play a role in nuclear/cytoplasmic transport. eIF-5A was reported to interact with some exportins, to be transported from the nucleus to the cytoplasm (Lipowsky et al., 2000; Rosorius et al., 1999) , to accumulate near the nuclear pore (Rosorius et al., 1999) , and to be essential for nuclear export of viral mRNA (Hofmann et al., 2001 ). X-ray structure analyses indicate that eIF-5A is an RNA-binding protein with a hypusine [N-(4-amino-2-hydroxybutyl) L-lysine] modification (Cooper et al., 1983; Park et al., 1982; Shiba et al., 1971) in the N-terminal domain I and with a C-terminal domain II that is similar to the RNA-binding motif found in the prokaryotic cold shock protein CspA, an RNA chaperone (Jiang et al., 1997) . Observations also suggest that eIF-5A is essential for cell proliferation (Kang and Hershey, 1994; Park et al., 1993; Park et al., 1994) , but underlying molecular mechanisms are still unknown.
Towards understanding the roles of eIF-5A in the development of multicellular organisms, we closely examined the consequence of the loss of iff-1 and iff-2 in C. elegans. iff-1 is preferentially expressed in the gonad and apparently has germline-specific functions, while iff-2 has somatic functions. iff-1 mutant worms show impaired germline proliferation and have defective gametogenesis. Our results further suggest that iff-1 may contribute to localization of the P-granule component, PGL-1.
Results

Identification of the iff-1 and iff-2 genes
To address the regulation of germline development, we previously performed an RNA interference (RNAi) screening of germline-specific cDNAs identified by cDNA subtraction and differential hybridization (Hanazawa et al., 2001) . Among the sterility genes that were identified, we focused on one clone, yk445a8, corresponding to the T05G5.10 predicted gene. Because of its sequence similarity to eukaryotic translation initiation factor 5A (eIF-5A) in other organisms, we named T05G5.10 iff-1 (translation initiation factor five A). Another gene, F54C9.1, whose predicted product has 84% identity and 94% similarity to IFF-1, was found in the C. elegans genome and named iff-2 (Fig. 1A,B) . It is interesting that even though the two genes are very similar in primary sequence, the exon -intron structures are different.
2.2. While iff-2 is expressed in a general manner throughout development, iff-1 RNA and protein are specifically found in the germline Northern analysis using developmentally synchronous populations of animals showed that iff-1 mRNA is present in worms at late larval stages and adults, when the germline represents a large proportion of the body, while the iff-2 mRNA is strongly present throughout development ( Fig. 2A) . The staining pattern after in situ hybridization not only confirmed our interpretation of these northern analyses that iff-1 is expressed in the gonad, but also revealed that iff-1 is most concentrated in the distal half of the gonad arms (Fig. 2B) .
We next prepared affinity-purified polyclonal antibodies against a peptide derived from IFF-1 and performed western blot analyses. The IFF-1 protein is germline-enriched; it is detected in worms with many germ cells (the wild-type N2 and the gld-2 gld-1 mutant, which has a tumorous germline, (Kadyk and Kimble, 1998) ) but not in worms with few or no germ cells (the glp-4 mutant, (Beanan and Strome, 1992) ) (Fig. 2C ).
Loss of iff-2 causes somatic defects
To remove the functions of eIF-5A homologues in vivo, we performed RNAi experiments and also isolated deletion mutants by UV/trimethylpsoralen mutagenesis, both of which have the potential to result in molecular nulls (Fig. 1A) . In general, for both iff-1 and iff-2, RNAi-affected worms showed qualitatively similar phenotypes to the corresponding mutants, although the penetrance and expressivity tended to be lower. The iff-1(tm483) mutant, lacking the region from the 5 0 UTR to exon 3 of the iff-1 genomic sequence, showed sterility with complete penetrance and no other apparent phenotype. On the other hand, the iff-2(tm393) mutant, which lacks a part of exon 1 of the iff-2 gene, arrested during larval stages or grew very slowly to sterile adults. Most of the iff-2 mutant adults had protruding vulvae.
The sterility phenotype of the iff-2 mutants was further analyzed. At the mid-L4 stage, an empty uterus is normally observed in wild type hermaphrodites (Fig. 3A) . In the iff-2 mutant at the same stage of development (as assessed by the vulval morphology), an empty uterus is not observed, and this space is filled with cells that look like deformed oocytes and spermatocytes (Fig. 3B) . When germline precursor cells, Z2 and Z3, were laser-ablated at early L1 in the iff-2 mutant, empty uteri morphologically indistinguishable from the wild type were observed in L4, supporting the interpretation that germline cells fill the uterus in the mutant (Fig. 3C) . In adult hermaphrodites, iff-2 gonads show deformed morphology, especially in the proximal arm ( Fig. 3E -G, compare with Fig. 3D ). The number of germline nuclei is moderately reduced in the iff-2 mutants (, 230 nuclei, ranging from 140 to 350, per gonad arm in the iff-2(tm393)/iff-2(tm393) adults, n ¼ 22; compared to T-bars below indicate the extents of the sequences deleted in the deletion alleles iff-1(tm483) and iff-2(tm393). The tm393 deletion creates an early stop codon and predicted to generate a truncated peptide with 13 amino acids. (B) Multiple sequence alignments of the eukaryotic translation initiation factor 5A protein families that are highly conserved among organisms. The sequences shown are C. elegans IFF-1, IFF-2, Homo sapiens eIF-5A, Xenopus laevis CG3186, Saccharomyces cerevisiae Hyp2 and Anb1, and Schizosaccharomyces pombe Tif51 and Tif512 (accession numbers: S41010, T22628, AAD14095, AAF47151, NP_010880, NP_012581, NP_594457, and NP_596130, respectively). Amino acids identical among all the proteins shown here at the corresponding positions are shaded in black, and those identical between IFF-1 and at least one other protein were shaded in grey. The arrowhead denotes the lysine residue that is post-translationally modified to hypusine while the minimum domain required for hypusine modification is boxed. Domain II is known from the crystal structure analysis to have the oligonucleotide-binding fold (Kim et al., 1998) . The region underlined corresponds to the peptide used as an antigen.
, 410, ranging from 300 to 480, in the iff-2(tm393)/ mIn1[dpy-10 mIs14] controls, n ¼ 20Þ: None of the maturating oocytes in the proximal gonad of iff-2 mutants seemed to be fertilized, and many of them were endomitotically replicated. Sperm were dispersed in the space adjacent to the vulva, probably in the uterus, instead of being packed in the spermatheca. These observations suggest that iff-2 gonads show progressive defects in either the spermatheca, the spermathecal valve, or both, and cannot properly maintain sperm and oocytes in the ovary.
To confirm that the sterility of iff-2 is due to loss of somatic functions, we utilized the rrf-1(pk1417) mutant, in which RNAi does not occur in somatic tissues (Sijen et al., 2001) . Treatment of the rrf-1 mutants with iff-2 dsRNA did not cause slow growth unlike N2 animals (data not shown). Sterility of iff-2(RNAi) was also suppressed by the rrf-1 mutation: while 75% of iff-2 dsRNA-treated N2 animals were sterile ðn ¼ 372Þ; only 8% of iff-2 dsRNA-treated rrf-1 animals were sterile ðn ¼ 304Þ: In comparison, rrf-1 mutants treated with iff-1 dsRNA were 100% sterile like N2 controls ðn ¼ 37 and 39, respectively). Therefore, iff-2 acts in somatic tissues and its function in the soma is essential for normal growth and reproduction.
The iff-2 mutant males also grow slowly as larvae. Like hermaphrodites, iff-2(tm393) adult males are completely sterile. In this case, however, gonadal morphology is apparently normal (data not shown). On the other hand, severe defects in male copulatory organs are observed. Tails of iff-2(tm393) adult males have only few rays, instead of nine pairs seen in wild type animals ( Fig. 3H,I ). The number and identity of remaining rays were variable. In addition, the pair of spicules in the tail was severely deformed (Fig. 3J,K) . Both of these structures are known to be essential for male mating, therefore, these defects in male somatic tissues are likely to be responsible for their sterility.
IFF-1 is essential for germ cell proliferation
The iff-1(tm483) mutant hermaphrodites have small gonads with few germ nuclei (, 20 germ nuclei per gonad arm, ranging from 10 to 35, in adults, n ¼ 39; Fig. 4D -F, compare with Fig. 4A -C) . The iff-1(tm483) mutant males The iff-1 mRNA accumulation during development. RNA was prepared from wild-type hermaphrodite populations synchronized at each of the five different developmental stages (four larval and adult stages). yk445a8 and yk82f11 cDNA clones were used as probes to detect the iff-1 and the iff-2 transcripts, respectively. For each of iff-1 and iff-2 probes, we detected only a single band on the blot, which is shown here. A transcript of a ribosomal protein gene, rpp-1, was used as a loading control. (B) Germline specific expression of the iff-1 mRNA. Larval (top two panels) and adult (bottom two panels) hermaphrodites subjected to in situ hybridization using the iff-1 cDNA clone, yk445a8, as a probe. Top two panels are hermaphrodites at larval stages L1-L2 and L3-L4, respectively. Bottom two panels show the magnified images of the adult hermaphrodite gonad stained with the iff-1 probe (upper) and DAPI (lower). The iff-1 mRNA is abundant in the distal region of the gonad, with most intense staining roughly corresponding to the transition zone. Arrow, distal tip of the gonad; arrowhead, gonadal loop. Scale bars, 100 mm. (C) Western blot analysis using affinity-purified anti-IFF-1 antibodies and extracts from wild-type N2, iff-1(tm483), glp-4(bn2), and gld-2(q497) gld-1(q485) adult hermaphrodites. Protein extracts from 100 hermaphrodites of each genotype were loaded in each lane. The positions of IFF-1 and non-specific proteins are indicated by an arrowhead and asterisks, respectively. IFF-1 was not detected in the iff-1 mutant, or in the glp-4 mutant, which has very small gonads. Two bands were detected at the expected size of the IFF-1 protein (arrows) in the gld-2 gld-1 double mutant, which has a number of proliferative germ nuclei in the gonad. The upper band may be the hypusinated IFF-1 protein. Size markers are shown on the right. also have small gonads with few germ nuclei and are sterile (Fig. 4I ,J, compare with Fig. 4G,H) . During larval development, the number of germ cells in the iff-1/þ gonads gradually increases up to the L3 stage, when a transition occurs to a period of rapid proliferation, in a manner similar to the wild type (Capowski et al., 1991) . This rapid increase is not observed in the homozygous iff-1 gonads; instead the gradual increase continues in the L4 and adults (Fig. 5A) . Staining with the vital dye SYTO12 did not reveal signs of increased apoptosis in the iff-1 gonads (data not shown). These observations suggest that loss of iff-1 activity affects mitotic proliferation of germ cells.
To better clarify the role of iff-1 in germ cell proliferation, the gld-2(q497) gld-1(q485) double mutant was employed. In this mutant entry into meiosis does not occur and germ cells remain proliferative throughout the entire gonad (Kadyk and Kimble, 1998) . The gld-2(q497) gld-1(q485) double mutant treated with iff-1 dsRNA generated only a few germ cells similar to wild type animals treated with iff-1 dsRNA (Fig. 4K -N) . Fig. 3 . Phenotypes of the iff-2 mutants. (A -C) Morphology of the uterus in the L4 stage. In the iff-2(tm393)/mIn1[dpy-10 mIs14] control hermaphrodite at mid-L4, developing vulva (arrowhead) and an empty uterus (bracket) are observed (A). In the iff-2(tm393)/iff-2(tm393) hermaphrodite at mid-L4, an empty uterus is not observed and a cell similar to an oocyte (arrow) is observed (B). However, a germline-ablated iff-2(tm393)/iff-2(tm393) hermaphrodite shows an empty uterus similar to iff-2(tm393)/mIn1[dpy-10 mIs14] (C). (D) DIC image of an N2 adult hermaphrodite. Arrowhead, distal tip of the gonad; arrow, spermatheca; bar, oocytes; bracket, embryos. (E-G) Gonadal morphology of the iff-2(tm393)/iff-2(tm393) adult hermaphrodites; DIC image (E), whole mount DAPI staining (F), and schematic diagram of the DAPI-stained gonad (G) are shown. Arrowhead, distal tip of the gonad; arrow, vulva; asterisk, sperm. (H, J) Tail morphology of the iff-2(tm393)/mIn1[dpy-10 mIs14] males. (I,K) Tail morphology of the iff-2(tm393)/iff-2(tm393) males. Arrowhead, sensory rays; arrow, spicules. The iff-2 males have only few rays and deformed spicules. Dorsal is up in all panels. Scale bars indicate 10 mm.
These observations confirm that loss of iff-1 impairs germline proliferation.
To determine whether the cell cycle is specifically affected in the iff-1 mutant, the gonads were reacted with the anti-phosphohistone H3 antibody, an M-phase marker. Several phosphohistone H3-positive nuclei were observed in the distal mitotic region in the wild type gonads, while only a few phosphohistone H3-positive nuclei were Progeny of the iff-1(tm483)/hT2 strain were synchronized at early L1 and iff-1(tm483)/hT2 animals (indicated as iff-1/þ) and iff-1(tm483)/iff-1(tm483) animals (indicated as iff-1/iff-1) were separately fixed at each stage of larval development and as young adults, and GLH-1-positive germ nuclei were counted. (B) Number of phosphohistone H3-positive germ nuclei per gonad arm. Progeny of the iff-1(tm483)/hT2 strain were collected, stained with anti-phosphohistone H3 antibody, and the stained nuclei were counted as in (A). Error bars indicate SEM in (A) and (B). (C) An iff-1(tm483)/hT2 adult (indicated as iff-1/þ) and an iff-1(tm483)/iff-1(tm483) adult (indicated as iff-1/iff-1) were fixed and stained with anti HIM-3 antibody, that stains meiotic pachytene chromosomes (HIM-3), and counterstained with DAPI (DAPI). Merged figures of HIM-3 (in red) and DAPI (in green) are also shown (merged). Enlarged figure of the anti-HIM-3-stained chromosomes in the iff-1/iff-1 gonad is also shown. Note that apart from meiotic chromosomes, a uniform background staining of cytoplasm is seen with the anti-HIM-3 antibody. Scale bars indicate 10 mm.
observed in each iff-1 gonad (Fig. 5B) . However, the ratio of the number of phospho-H3-positive nuclei to the number of distal germ nuclei (as defined by HIM-3-negative nuclei, see below) is similar in iff-1 homozygotes (0.023) and heterozygous iff-1/ þ animals (0.014). Therefore, it appears that iff-1 germ cells are not arrested at a specific point of the cell cycle, but they proliferate very slowly to give rise to small gonads in the adults.
iff-1 germ cells enter meiosis but do not complete gametogenesis
To see whether entry into meiosis occurs in the iff-1 mutant, gonads were stained with the anti-HIM-3 antibody, an antibody known to stain meiotic chromosomes. In wild type gonads, mitotic germ nuclei at the distal end of the gonads are not stained, and nuclei start to be immunoreactive at the transition zone, with meiotic chromosomes stained through pachytene to diakinesis stages (Fig. 5C ). HIM-3-positive nuclei are observed in the iff-1 gonads, suggesting that a considerable fraction of germ cells do proceed into the pachytene stage in the mutant. However, as described above, no oocytes, identifiable under DIC optics, are generated in the mutant, nor did DAPI staining reveal any sperm (Figs. 4D,F and 5C ). In wild type gonads, mature oocytes contain chromosomes at the diakinesis stage of meiosis, which are readily identifiable with DAPI staining. In the iff-1 gonads, on the other hand, no chromosomes in diakinesis are observed. These phenotypes may indicate that IFF-1 acts in two steps, once for germline proliferation, and once again during meiosis/gametogenesis after the pachytene stage. Alternatively, due to the slow proliferation of the germline, gametogenesis might be simply proceeding slowly in the mutants. To test the latter possibility, we utilized a vit-2::gfp strain. Vitellogenin, egg yolk, encoded by the vit-2 gene is secreted from the intestine, and taken up into late stage oocytes by the RME-2 receptor on their surface (Grant and Hirsh, 1999) . Therefore, proximal oocytes are fluorescent in the vit-2::gfp strain. When the vit-2::gfp strain, treated with iff-1 dsRNA, was observed at the old adult stage (seven days after hatching), no fluorescence was seen in the small gonads, indicating that mature oocytes are not generated (data not shown). Staining with the monoclonal antibody SP56 that reacts with a sperm antigen also did not reveal any sign of sperm differentiation in old hermaphrodites (at four days after L4, data not shown).
In conclusion, the observations described above suggest that at least two processes in germline development, proliferation of germ cells and gametogenesis beyond the pachytene stage of meiosis, are impaired in the iff-1 mutant. The proliferation defect is consistent with the known roles of eIF-5A in cell proliferation in other organisms (Kang and Hershey, 1994; Park et al., 1993; Park et al., 1994) . Our observations, however, suggest additional roles for the IFF-1 protein in progression through meiosis or gametogenesis in C. elegans germline.
2.6. IFF-1 is required for PGL-1 localization P granules are large complexes of proteins and RNA, originally identified in early embryos by a set of specific antibodies, which are segregated to germline blastomeres in the embryo and are localized solely to the germ cells in larvae and adults (Houston and King, 2000) . RNA binding proteins that are constitutive components of the P granules, such as PGL-1 and GLH-1 to GLH-4, are known to play key roles in regulating germ cell development (Kawasaki et al., 1998; Kuznicki et al., 2000) . Based on our studies with IFF-1 and those of others with eIF-5A, we saw several reasons for testing the possible relationship of IFF-1 with these RNA binding proteins. P granules are located close to the nuclear pores in gonads of C. elegans (Kawasaki et al., 1998; Kuznicki et al., 2000; Pitt et al., 2000) ; eIF-5A have been reported to localize close to the nuclear pores, to interact with exportins, and to be transported from the nucleus to the cytoplasm in other organisms (Lipowsky et al., 2000; Rosorius et al., 1999) . In addition, like the germline of the iff-1 mutant reported here, the germline in the pgl-1(bn101) mutant and that resulting from glh-1/4(RNAi) are underproliferated, though to a lesser extent than seen for iff-1 (Kawasaki et al., 1998; Kuznicki et al., 2000) . As a means of testing relationships between IFF-1 and P-granule components, we examined the localization of PGL-1, GLH-1 and GLH-4 in the iff-1 mutant. In the small gonad of the iff-1 mutant, PGL-1 did not localize close to the nuclear pore but was dispersed in the cytoplasm, whereas the localization of the two GLHs tested was essentially normal (Fig. 6A, B) . PGL-1 is known to mislocalize in the glh-1 mutant while GLH-1 localization is not affected in the pgl-1 mutant (Kawasaki et al., 1998; Schisa et al., 2001) . Therefore, IFF-1 might also localize at P granules and act with the GLHs as a scaffold for PGL-1, although the localization of IFF-1 was not determined in this study because our antibodies were not suitable for immunocytochemistry. While requirements for most of the P-granule components are sensitive to temperature (Amiri et al., 2001; Kawasaki et al., 1998; Kuznicki et al., 2000) , the iff-1 mutant is not temperature sensitive; it shows the underproliferative phenotype at 25 8C, 20 8C, and even at 15 8C.
Discussion
We have analyzed the in vivo functions of eIF-5A homologues in C. elegans by examination of the consequence of gene knockdown by mutations and RNAi. The study is the first example of functional analysis of eIF-5A in multicellular organisms. Our analysis shows that the two eIF-5A homologues, IFF-1 and IFF-2, which are closely related in structure, function in different tissues, IFF-1 acting in the germline, and IFF-2 acting in the somatic tissues. It is conceivable that through evolution the two copies of eIF-5A attained specialized roles in each of these tissues.
IFF-2 appears to be expressed broadly, and is therefore likely to serve more general functions. In fact, loss of IFF-2 causes slow overall growth during larval development. This could be due to reduction of protein synthesis, though this possibility was not directly tested. On the other hand, most of the structures that are generated by post-embryonic cell divisions, such as somatic gonads, vulvae and male tails are generated, with some structural abnormalities. These observations suggest that, unlike in yeast, where eIF-5A is essential for proliferation (Kang and Hershey, 1994) , and mammalian cells, where correlation between hypusination and cell proliferation has been observed (Park et al., 1993; Park et al., 1994) , IFF-2 is not absolutely required for all cell divisions. The possibility of functional redundancy between IFF-1 and IFF-2 was tested by generating iff-2(tm393); iff-1(tm483) double mutants. These larvae are also able to grow, though a little more slowly than the iff-2(tm393) single mutants, suggesting that functional redundancy is not extensive (data not shown).
In contrast to IFF-2, IFF-1 acts in the germline, as iff-1(RNAi) causes a high-penetrance sterility even in the rrf-1 mutant. IFF-1 is required for at least two steps in germline development, mitotic proliferation of germ cells and gametogenesis after entry into meiosis. The requirement of IFF-1 for germ cell proliferation is in agreement with the above-mentioned observations in yeast and mammals. However, its involvement in gametogenesis was unexpected. Although we have not been able to determine the exact steps where IFF-1 is required, nuclear morphology suggests that it may be required for progression through meiosis.
Among other members of the "eIF" family, IFE-1, one of the five C. elegans homologues of eIF-4E, has also been implicated in germline development (Amiri et al., 2001 ). Fig. 6 . Relationships between IFF-1 and P-granule components. (A) Dissected gonad arms were stained with anti-PGL-1 (green), mAb414 antibody that recognizes nuclear pore complex (red), and DAPI (blue). (B) Dissected gonad arms were stained with anti-GLH-1 or anti-GLH-4 antibodies (green) and DAPI (blue) as indicated on each panel. The upper panels show N2 germ cells and the lower panels show germ cells in the iff-1 mutant in both (A) and (B). Although PGL-1 appeared to be attached to the nuclear pores, which are stained by mAb414, in the distal region of the wild-type gonad, it was dispersed in the cytoplasm in the iff-1 gonad. GLH-1 and GLH-4 localized normally in the iff-1 mutant. Scale bars, 5 mm.
eIF-4E is a well-characterized translation initiation factor that binds to the cap structure of mRNAs. IFE-1 is expressed in germline and is essential for spermatogenesis. It is interesting that IFE-1 is required at steps after meiosis in spermatogenesis. Moreover, the protein has been shown to physically interact with PGL-1 and associate with P granules via PGL-1. Our observations that localization of the P-granule component PGL-1 is disrupted in the iff-1 mutants suggest that IFF-1 may also act in close connection to P granules.
Involvement of P granules in mRNA-related functions such as translation has been proposed and represents a widely accepted view. These assumptions are based on the fact that most of known P-granule components are RNAbinding proteins (cited in Amiri et al., 2001) , and that some mRNA species are 'enriched' in P granules (Schisa et al., 2001; Subramaniam and Seydoux, 1999) . Loss of the Pgranule component PGL-1 causes underproliferation of germline and defective oogenesis (Kawasaki et al., 1998) . Loss of other P-granule components, GLH-1 and GLH-4, causes underproliferation of germ cells, arrest of oogenesis at the pachytene stage, and production of defective sperm (Kuznicki et al., 2000) . These phenotypes partly overlap with those of the iff-1 mutants. Given the proposed roles for eIF-5A in translation, mRNA degradation, and nuclearcytoplasmic transport of mRNA, it is a fascinating possibility that IFF-1, in concert with P granules, is involved in post-transcriptional regulation of a subset of genes that are essential for germline proliferation and gametogenesis. The mutants reported here will serve as a platform for further in vivo studies of the biochemical/biological functions of the enigmatic protein, eIF-5A.
Experimental procedures
General methods and strains
Standard methods were used for the maintenance and manipulation of C. elegans (Brenner, 1974) . Bristol N2 was used in this study as the wild-type strain. The following additional strains were used: (LGI) gld-2(q497) gld-1(q485), glp-4(bn2), rrf-1(pk1417); (LGII) iff-2(tm393); (LGIII) iff-1(tm483); (LG unknown) tmIs105[vit-2::gfp rol-6(d)]. The deletion mutant strains tm483 and tm393 were isolated from pools of worms mutagenized by the UV/TMP method (Gengyo-Ando and Mitani, 2000) . Nested primers used for PCR screening of tm483 were 5 0 -TGTTTGCGAATGTGAAGGCA-3 0 and 5 0 -GAGGGTGGATGGCGAGAGTT-3 0 for the first round and 5 0 -GCAAGCCGGAGATAGGAAAA-3 0 and 5 0 -ACCCACA-CACAGTGATGGGA-3 0 for the second round reaction. Primers used for PCR screening of tm393 were 5 0 -CGGTTGCTTTAC-GAGTCATT-3 0 and 5 0 -ACCCACACACAGTGATGGGA-3 0 for the first round and 5 0 -CCAGGATTGCGTTTATAGGA-3 0 and 5 0 -GATACCGAGTTCAACCGTAT-3 0 for the second round reaction. Since both mutants showed sterile phenotypes, they were outcrossed four times and balanced with qC1 dpy-19(e1259) glp-1(q339) or hT2[qIs48] for iff-1 and mIn1[dpy-10(e128) mIs14] (Edgley and Riddle, 2001) for iff-2. The gld-2 gld-1 strain was a gift of J. Kimble (University of Wisconsin, Madison, Wisconsin). Other strains were provided by the Caenorhabditis Genetics Center.
RNAi analyses
cDNAs for RNAi tests were obtained from the expressed sequence tag (EST) project (Y. Kohara, National Institute of Genetics, Mishima, Japan). yk445a8 was used for the iff-1 knockdown and yk82f11 was for the iff-2 knockdown. dsRNA was applied to worms either by soaking (Maeda et al., 2001) or feeding (Timmons and Fire, 1998) . For feeding RNAi, the cDNA clones were digested with Not I and Apa I and the inserts were cloned into the L4440 vector, a gift from A. Fire (Carnegie Institute of Washington, Baltimore MD). The HT115(DE3) bacterial strain transformed with the resulting plasmids was seeded on NGM plates. Expression of dsRNA for each target gene was induced by IPTG. Phenotypes were observed in the F1 progeny of worms that were fed E. coli strains producing the iff RNAs. In the case of iff-1, the P0 animals fed bacteria expressing dsRNA eventually became sterile after two to three days of feeding. Embryos that were laid shortly before P0 animals stopped egg laying did not hatch. These observations may indicate that iff-1 functions are required for embryogenesis, but it is also possible that the embryonic lethality is caused by an indirect effect of partially impaired oogenesis.
DAPI staining and germ cell counts
For whole-body staining, worms were suspended in M9 buffer and then fixed in methanol at 2 20 8C for 15 min. After washing them twice in M9 buffer, the worms were suspended in M9 buffer including DAPI at 0.1 mg/ml for more than 20 min. After washing twice, they were mounted on slides and observed. Staining of dissected gonads was performed as described previously (Kawasaki et al., 1998) . The numbers of germ cells were counted by DAPI staining. Stages of the animals were determined by vulval morphology and differentiation of somatic gonads for germ cell counts.
Northern analyses
Worms were synchronized at each developmental stage and homogenized by agitation with glass beads. RNA was purified by phenol/chloroform extraction. The amount of total RNA was normalized using the results of the northern analysis of rpp-1 as a standard.
In situ hybridizations
Whole-mount in situ hybridization was performed according to the protocol developed by Y. Kohara and described at the web site http://nematode.lab.nig.ac.jp/ method/insitu_larvae.html. Images were collected by Dual Mode Cooled CCD Camera (Hamamatsu Photonics, Hamamatsu City, Japan) from an Axioskop microscope (Zeiss).
Antibody production
The C-terminal IFF-1 peptide (see Fig. 1B , MPEGDLGNTIREAL) was coupled to KLH and used to immunize a rabbit (Sigma Genosys). Since the amino acid sequences of IFF-1 and IFF-2 are extremely similar, we selected the region that was most diverged between them as an antigen. The antibody specific to IFF-1 was purified by adsorption to and elution from protein antigens that were immobilized on nitrocellulose filters after electrophoresis through SDS-polyacrylamide gels. The filter was incubated in a blocking buffer (3% bovine serum albumin in PBS) containing the rabbit serum including anti-IFF-1 antibody and a strip of the filter that carried the target antigen was cut out. The specific antibody was eluted from the strip in an elution buffer (0.2 M glycine [pH 2.8], 1 mM EGTA). The eluted antibody was neutralized by adding 1 M Tris base.
Immunohistochemistry
Whole-mount immunostaining was performed according to Nonet (Nonet et al., 1997) (http://elegans.swmed.edu/wli/ [wbg14.5p23]/). Anti-phosphohistone H3 antibody (Upstate Biotechnology) at a 1:200 dilution and anti-HIM-3 antibody (Zetka et al., 1999 ) at a 1:500 dilution were used along with the secondary antibody Alexa Fluor 594 goat anti-rabbit IgG (Molecular Probes) at a 1:500 dilution. Immunostaining of dissected gonads was performed mainly as described (Francis et al., 1995) . Dissected gonads were fixed with a cold (2 20 8C) fixation buffer [3% formaldehyde, 100 mM K 2 HPO 4 (pH 7.2), 80% methanol] for 10 min, washed in PBST for 10 min, then followed by post-fixation with cold (2 20 8C) 100% methanol for 10 min. Antibody incubations and washes were performed as described (Jones et al., 1996) . The anti-nuclear pore antibody mAb414 (BAbCO) was used at a 1:5000 dilution. The anti-PGL-1 (Kawasaki et al., 1998) , the anti-GLH-1 (K.B., unpublished) and the anti-GLH-4 (Kuznicki et al., 2000) antibodies were used at a 1:5000 dilution, a 1:10000 dilution and a 1:10 dilution, respectively. The anti-GLH-1 antibody was raised in a rabbit against the same N-terminal peptide used for the chicken anti-GLH-1 antibody described in (Gruidl et al., 1996) . Images were captured with a Dual Mode Cooled CCD Camera (Hamamatsu Photonics, Hamamatsu City, Japan) using an Axioskop microscope (Zeiss) and processed with Adobe Photoshop 5.0.
Laser ablation
L1 animals within 4 h after hatching were mounted on an agar pad including 10 mM sodium azide. Z2 and Z3 gonadal precursor cells were ablated under an Axioskop upright microscope (Zeiss) equipped with the laser microsurgery system Micropoint (Photonic Instruments).
